We present orbit-based dynamical models and stellar population analysis of galaxy SDSS J151741.75-004217.6, a low-redshift (z = 0.116) early-type galaxy (ETG) which, for its moderate luminosity, has an exceptionally high velocity dispersion. We aim to determine the central black hole mass (M • ), the i-band stellar mass-to-light ratio (Υ ⋆,i ), and the low-mass slope of the initial mass function (IMF). Combining constraints from HST imaging and longslit kinematic data with those from fitting the SDSS spectrum with stellar populations models of varying IMF, we show that this galaxy has a large fraction of low-mass stars, significantly higher than implied even by a Salpeter IMF. We exclude a Chabrier/Kroupa as well as a unimodal (i.e. single-segment) IMF, while a bimodal (low-mass tapered) shape is consistent with the dynamical constraints. Thereby, our study demonstrates that a very bottom-heavy IMF can exist even in an L ⋆ ETG. We place an upper limit of 10 10.5 M ⊙ on M • , which still leaves open the possibility of an extremely massive BH.
INTRODUCTION
Recently, van den Bosch et al. (2012) discovered a compact galaxy with very high central velocity dispersion (σ⋆) that is caused by a high central mass density. Similar global properties are found in a number of objects presented in Bernardi et al. (2008) [B08 hereafter] . From their sample, SDSS J151741.75-004217.6 is an L ⋆ -galaxy (4.7 × 10 10 L⊙) with effective radius of Re = 1.5 kpc and σ⋆ = 360 km s −1 (Oh et al. 2011) . The combination of these properties is rare in the local universe (Taylor et al. 2010) , and is a signature of either an over-massive central black hole (BH), or a high stellar mass-to-light ratio (Υ⋆) .
Based on analysis of high-definition spectroscopic data and up-to-date stellar spectral libraries, several recent publications (e.g. Conroy & van Dokkum 2012; Spiniello et al. 2012) reported the existence of early-type galaxies (ETGs) with a large fraction of low-mass stars (M 0.75 M⊙) . Instead of being well represented by a Kroupa (2001) or Chabrier (2003) form, the IMF in these stellar systems appears to be bottom-heavy, as characterized by the IMF slope (Γ), which often exceeds even the slope of a Salpeter (1955) IMF (Γ = 1.35). As a consequence, Υ⋆ in such systems is higher than implied by the IMF found in the Local Group (see e.g. Bastian, Covey & Meyer 2010) , where it was observed directly based on number counts. Similar results for Υ⋆ were also obtained in dynamical and lensing studies Dutton, Mendel & Simard 2012) . In addition, Υ⋆, Γ, and IMFsensitive line strengths were found to correlate with several galaxy properties (e.g. Conroy & van Dokkum 2012) , most notably metallicity (Z) and σ⋆ (e.g. Cenarro et al. 2003; Cappellari et al. 2012; Ferreras et al. 2013) . These findings impact widely-used estimates of stellar mass (M⋆) from the observable galaxy magnitudes and colors ("SED fitting"). At the same time, the physical mechanisms determining the IMF shape, and its correlation with global galaxy properties, are currently unexplained. Probing the IMF jointly with galactic properties, especially in putative (local) outliers to these correlations, may offer valuable insights here.
To improve precision and systematic uncertainties when estimating Υ⋆(Γ), it is useful to supplement stellar population analysis with a dynamical analysis. Realistic dynamical models must include two non-luminous components: a dark matter (DM) halo and a central BH. The BH impacts the kinematics at small spatial scales (the BH gravitational sphere of influence). Thus, if massive enough, the BH may also cause high central σ⋆, rather than the stellar component. Current scientific consensus holds that BHs with masses M• 10 6 M⊙ are present in the centres of most massive galaxies, and the correlations of M• with BH host galaxy properties have been well documented (e.g. (Table 2) overlaid in red. The displayed image area is 7 ′′ (15 kpc) across.
2000; Sani et al. 2011) . These BH scaling relations are thought to be a product of the interplay between galaxy formation and BH growth. While several mechanisms have been suggested to explain their existence (e.g. Silk & Rees 1998; Croton et al. 2006; Jahnke & Macciò 2011) , their empirical characterization continues to evolve and remains uncertain (e.g. Novak, Faber & Dekel 2006; Läsker et al. 2013, submitted) . In particular, recent publications (Rusli et al. 2011; van den Bosch et al. 2012) reported BHs with M• significantly exceeding the prediction of (some) BH scaling relations. If confirmed, these challenge the universality of the scaling relations and the associated BH-galaxy co-evolution models. It would therefore be desirable to ascertain if suchübermassive BHs are rare outliers or instead represent a distinct BH population.
In order to estimate the stellar population properties, mass-tolight ratio, and BH mass of SDSS J151741.75-004217.6, we first construct fully general orbit-based dynamical models, based on HST imaging and ground-based long-slit kinematic data. Second, we use SDSS spectroscopic data and state-of-the-art stellar spectral libraries to analyse the stellar population and obtain an independent estimate of Υ⋆. Finally, we compare and combine the results of both approaches. Throughout this letter, we adopt a ΛCDM cosmology with (H0, ΩM , ΩΛ) = (70 km s −1 Mpc −1 , 0.28, 0.72).
DATA
SDSS J151741.75-004217.6 (2MASX J15174176-0042175), which we term "b19" for brevity, was listed in B08 as one of several galaxies with genuinely high velocity dispersion (σ⋆ 350 km s −1 ), in which superposition effects could be excluded by means of HST ACS/HRC imaging. We chose b19 for further investigation because it is the intrinsically faintest and smallest object in B08's sample (object #19 in their Table 2 ). The basic properties of b19 are listed in Table 1 . Given its small apparent size (Re = 0.
′′ 9), availability of a high-resolution image is crucial for modeling of the mass distribution. It is used in our modeling code in form of a multi-gaussian expansion (MGE, see Section 3).
We retrieved b19's i-band image (filter: F775W, PI: Bernardi, GO:10199) from the Hubble Legacy Archive. Its isophotes are regular and show no signs of dust lanes or spiral structure. We use GALFIT3 (Peng et al. 2010 ) and the PSF obtained with TinyTim (Krist, Hook & Stoehr 2011) to analyse the morphology and comquantity value method ref.
18.24 mag arcsec −2 aper -nser 6.9 Ser -σ⋆ (360.3 ± 9.4) km s −1 SDSS Oh et al. (2011) Table 1. Basic data for b19 (2MASX J15174176-0042175). Listed are (from top to bottom): redhsift, angular and luminosity distance, distance modulus, extinction, luminosity, effective radius, effective surface brightness, Sérsic index, and central velocity dispersion. Photometric quantities are derived from the HST ACS/HRC-F775W image (i-band). Methods are "SDSS": based on the SDSS DR7 spectrum; "SF11": Schlafly & Finkbeiner (2011) , "aper": circular aperture photometry; and "Ser": 2D-Sérsic profile.
position, and find that b19's radial surface brightness broadly follows a Sérsic form with index n = 7. However, the Sérsic residual image shows substructure indicative of an embedded disk and a central cusp. A two-component model results in a highly flattened (q = 0.15), faint (flux fraction f disk ≈ 5%) and nonexponential (n disk = 1.6) "disk" component. As for the singlecomponent model, the Sérsic index of the "bulge" is unusually high for its luminosity (n bul = 7.5). Only by including a third Sérsic component can we obtain a featureless residual image, and an exponential profile for the flattest component (q = 0.3, 24% flux fraction). Unfortunately, this model lacks a clear morphological interpretation for the two roundest components, which have (Re, n, q) = (0.26 kpc, 2.0, 0.61) and (5.2 kpc, 1.2, 0.73) respectively. We therefore do not present a unique morphological classification, but surmise that b19 is a compact early-type galaxy that is dominated by a flattened spheroid and probably harbours an embedded, possibly non-exponential, disk. The same image has been analyzed previously by Hyde et al. (2008) , whose results for magnitude and index of the single-Sérsic profile agree well with ours. However, they derive a larger effective radius (Re = 4.1 kpc) than we do (3.0 kpc). Both are larger than the Re of a deVaucouleurs profile (1.8 kpc, Hyde et al. 2008 ). Due to the apparent uncertainty in Re, and the ambiguity in the decomposition, in the remainder of this letter we adopt Re and i-band luminosity (Li) from circular aperture photometry (see Table 1 ).
Kinematic data for our target have been obtained on the LRS (Hill 1998) at the Hobby-Eberly Telescope (HET); its reduction is described in van den Bosch et al. (2012) and van den Bosch et al. (2013, in prep.) . The 0.
′′ 95-wide long-slit has a pixel scale of 0.
′′ 475, and the spectral resolution is 4.5Å. We reconstruct its spatial PSF (FWHM = 1.
′′ 34) as a sum of two Gaussian components with (weight,dispersion) of (0.2, 1.
′′ 11) and (0.8, 0.
′′ 54), used to convolve the projected kinematics of the dynamical models before comparing with the data (Section 3). We use pPXF (Cappellari & Emsellem 2004 ) and MILES template spectra (Falcón-Barroso 2011) to measure the line-of-sight velocity and velocity dispersion (v los and σ⋆) out to a central distance of ∼ 3 ′′ (∼ 1.6 Re) along the major axis (see Figure 2) . In addition to a high central velocity dispersion peak of ≈ 400 km s −1 , we detect significant rotation around the photometric minor axis, which strongly implies an intrinsic oblate geometry, as opposed to triaxial or prolate. Our long-slit data are supplemented by, and consistent with, σ⋆ as measured in the SDSS fibre (diameter 3 ′′ , PSF FWHM = 1. ′′ 8) by Oh et al. (2011) .
DYNAMICAL MODELING
We use the HST imaging and SDSS+HET kinematic data to constrain dynamical models that have been constructed via the method of Schwarzschild (1979) . Based on a comprehensive library of representative stellar orbits, this method allows for maximal freedom in orbital structure that may be especially important here considering the peculiar properties of b19. It thereby has an advantage over other methods, such as fitting solutions of the (axisymmetric) Jeans equations or analytic distribution functions. We explore only models with oblate intrinsic shape as implied by the observed rotational pattern.
Our implementation of the Schwarzschild method is described in van den . It uses an MGE parametrization of the surface brightness profile (Emsellem, Monnet & Bacon 1994; Cappellari 2002) , which allows for an analytic deprojection. We use GALFIT3 to derive the MGE parameters (see Table 2 and right panel of Figure 1 ). It was necessary to include a quite flattened (q = 0.26) component for an acceptable fit, which probably represents an embedded disk and effectively limits the range of inclination (i) to 77
• i 90
• . We run models assuming minimal and maximal allowed inclination to deproject the surface brightness. The resulting luminosity density is converted to the stellar mass density via the global stellar Table 2 . MGE parametrization of our target in the i-band (HST/ACS F775W), used as input to the dynamical models. m j is the apparent magnitude of the j-th Gaussian component (before extinction correction), σ j its dispersion, and q j its axis ratio.
mass-to-light ratio in the i-band, Υ⋆ ,i ≡ M⋆/Li. Given the spatial resolution of our kinematic data, we therefore ignore possible gradients in Υ⋆. Further gravitational sources in our models are a central BH, characterized by M•, and a dark matter (DM) halo of virial mass MDM ≡ M200. We define fDM = MDM/M⋆, the ratio between MDM and stellar mass M⋆, and vary it in the range [1, 100].
The model DM halo is spherically symmetric with an NFW profile (Navarro, Frenk & White 1997 11 M⊙ of the model grid. Yet, its exact value should be insignificant, as is MDM, because the halo scale radius is ∼ 10 − 100 times larger than Re, and the DM density is very low compared to the baryonic density (≈ 1% inside 1 Re even for the most massive haloes). For the same reason, our results should be insensitive to the central DM density log-slope, i.e. possible departures from an NFW form.
In total, we compute dynamical models on a 37 × 25 × 11 × 2-grid evenly spaced in parameters Υ⋆ ,i ∈ [1, 10], log(M•/M⊙) ∈ [7.5, 11.5], log(fDM) ∈ [0, 2] and i ∈ {77
• , 90 • }. Using the χ 2 -statistic, the orbital weights of each model are optimized to fit the photometric and kinematic data. In order to evaluate the relative likelihoods of the parameters of interest, we marginalize the models over fDM and i, and plot the minimum-χ 2 as a function of (log Υ⋆ ,i , log M•). Figure 3 presents contours (black solid) of ∆χ 2 = {2.3, 6.2, 11.8}, corresponding to the {68.3%, 95.5%, 99.7%}-quantiles of the χ 2 -distribution with two degrees of freedom. Models with log M• ≈ 10.3 fit the data well across a wide range of assumed mass-to-light ratios, as do models with 0.6 log Υ⋆ ,i 0.85 when M• 10 10 M⊙. Our data are not able to further distinguish between models in this parameter range due to limited depth and resolution, which prevents spatially resolved measurement of higher-order velocity moments and leaves the orbital anisotropy in the central parts (the BH sphere-ofinfluence) relatively unconstrained. We verified that all our models are insensitive to the presence of dark matter, a direct consequence of b19's small size and high stellar mass density (≈ 5 M⊙/pc Figure 3 . Black contours: χ 2 (log Υ⋆ ,i , log M•) of dynamic models fitted to b19's imaging and kinematic data, with galaxy mass indicated by the upper x-axis. DM fraction and inclination have been marginalized over. Shown levels are the {68.3%, 95.5%, 99.7%}-quantiles of a χ 2 -distribution with two degrees of freedom. Kinematics of select models (symbols) are plotted in Figure 2 . Blue/red solid curves: probability density of log Υ⋆ ,i from our stellar population analysis, where the slope of the IMF with bimodal/unimodal shape was a free parameter. The blue dashed curve is the joint probability from both methods when adopting a bimodal IMF. For comparison, the dotted and dot-dashed lines respectively represent M⋆ implied by a Chabrier IMF (MPA-JHU DR7 data release 1 ), and the M• − M⋆ relation (Sani et al. 2011) . For details, see Sections 3 and 4.
log Υ⋆ ,i 0.55 (dashed line, corresponding to the black cross in the top panel of Figure 3 ) are strongly disfavoured.
This implies that, if log Υ⋆ ,i = 0.4 as estimated for b19 by stellar population synthesis and assuming a Chabrier IMF (MPA-JHU DR7 data release 1 , dotted line in Figure 3 ), log(M•/M⊙) ∈ [10.2, 10.6] at the 68%-confidence level. This is 2 orders of magnitude, or 5 standard deviations, above the M•−M⋆-relation between BH and host galaxy bulge mass (Sani et al. 2011, dash-dotted line) . Conversely, if b19 is assumed to follow M• − M⋆, the dynamical models require log Υ⋆ ,i ∈ [0.60, 0.84], i.e. about twice the stellar mass expected from a Chabrier/Kroupa IMF.
STELLAR POPULATION AND IMF
To narrow the parameter space (übermassive BH or bottom-heavy IMF) allowed by the photometric and kinematic data, we obtain an independent Υ⋆ ,i estimate from the SDSS spectrum of b19, by fitting the line strengths of gravity-sensitive features with state-ofthe-art extended-MILES (MIUSCAT, Vazdekis et al. 2012 ) stellar population models. Our applied method is identical to that of Ferreras et al. (2013) . In this "hybrid approach", we consider SSPs as well as models with an exponentially declining SFR. This is an advantage with respect to the standalone line strength fits where, so far, we have considered only single SSPs. In addition to fits to the full spectrum in the range 3400Å < λ < 5400Å, we fit equivalent widths (EWs) of spectral absorption lines that are sensitive to age (Hβ0, HγF ), metallicity [Z/H] ([MgFe]) and IMF slope Γ (TiO1, TiO2, NaD and Na8190). Using these indices, estimates of age and Γ are robust against non-solar abundance ratios (see La Barbera 2013). We consider two different IMF shapes: "unimodal" (single powerlaw) and "bimodal" (Kroupa-like, i. e. tapered at low mass) as defined in Vazdekis et al. (1996) , with Γ being a free parameter. Additionally, we take intragalactic dust reddening, E(B − V ), into account. Our models encompass parameter ranges
, and ages between 1-13 Gyr. We compute the joint likelihood from the fit to the spectrum and EWs, and marginalize to obtain the probability distribution (PDF) of each parameter separately.
This analysis shows that b19 is composed of an old stellar population, and that internal dust extinction is very low (massweighted age > 8.5 Gyr and E(B −V ) < 0.1 at 90% confidence). From the measured EWs, we also find strong indications for a high (super-solar) metallicity and α-abundance ([α/Fe]), suggesting an intense, short-lived star formation process, as expected from an object with such a high velocity dispersion . All IMF-sensitive line strengths indicate a large fraction of low-mass stars, with Γ = 3.2 ± 0.1 (2.4 ± 0.3) for a bimodal (unimodal) IMF shape. For comparison, a Kroupa/Chabrier (Salpeter) IMF has Γ = 1.3 (1.35). The resulting PDFs of Υ⋆ ,i are plotted Figure 3 by the blue (red) curves. The results for the bimodal IMF, log Υ⋆ ,i = 0.85 ± 0.11 (1σ-uncertainties), is consistent with the dynamical models, while the unimodal IMF implies significantly larger values (1.12 ± 0.16). We note that a log-normal IMF would probably also be consistent with the data when using a lower turnover mass and a steeper high-mass slope than the Chabrier IMF (e.g. 0.2 M⊙ and Γ = 2.1 for the same < 0.5M⊙ fraction as our best-fitting bimodal IMF). Adopting the bimodal shape, and combining the resulting PDF in log Υ⋆ ,i with the constraints from dynamical modeling after marginalizing over M•, we determine that log Υ⋆ ,i ∈ [0.60, 0.82] at the 3σ-confidence level, up to ≈ 160 (60)% larger than for a Chabrier/Kroupa (Salpeter) IMF.
DISCUSSION
Dynamical models of low-resolution long-slit and single-fibre kinematic data, in combination with high-resolution HST imaging, affirmed that b19 either hosts an extremely massive BH (M• ≈ 2 × 10 10 for the given luminosity of Li = 4.7 × 10 10 L⊙), or has an unexpectedly high stellar mass-to-light ratio. Resolution and depth of the kinematic data was not yet sufficient to assign preference to either scenario. In order to add an independent constraint on Υ⋆, we modeled the spectrum with state-of-the-art MIUSCAT SSP stellar population models with a variety of SFHs and IMFs, accounting for spectral features sensitive to the fraction of dwarf stars that was previously unconstrained in distant (unresolved) stellar systems. In the present case, the spectra unambiguously indicate a very "bottom-heavy" IMF, with a slope well in excess of a Kroupa-and Salpeter-form. At the implied high stellar mass-tolight ratio, M• is dynamically not constrained to low values, but has an upper limit of ≈ 10 10.5 M⊙. If instead b19 had a "normal" IMF, the dynamics would dictate anübermassive BH (≈ 10 10 M⊙). Conversely, since our dynamical modeling constrains Υ⋆ ,i , it indicates that the IMF shape is most likely not unimodal, but rather bimodal. While the spectral lines of low-mass stars can be satisfactorily fit using either of both functional forms (albeit with a different slope, respectively), the resulting Υ⋆ ,i differs by a factor of ≈ 2. Therefore, our analysis demonstrates that stellar kinematics can serve as a valuable tool to constrain the shape of the IMF at the low-mass end.
Galaxy b19 is kinematically and morphologically quite distinct from the vast majority of present-day ETGs. It is substantially flattened and, considering v/σ⋆ ∼ 0.5, a "fast rotator" (Emsellem et al. 2007 ). Yet, in constrast to these, b19 exhibits an extremely high σ⋆ and is a clear outlier in the fundamental plane of ellipticals: following Bernardi et al. (2003) , Re(σ⋆, µi e) = (6.9 ± 1.6) kpc instead of the observed 1.9 kpc. Its compactness, morphology and kinematics make b19 appear similar to the compact ETGs abundant at redshift 1 z 3 (e.g., van Dokkum et al. 2008; van der Wel & van der Marel 2008; van der Wel et al. 2011) , which have grown significantly in size since (e.g. Trujillo, Ferreras & de La Rosa 2011) . A prominent mechanism proposed to drive this evolution is repeated dry merging, especially minor merging, in the hierarchy of concordance cosmology (e.g. Hilz, Naab & Ostriker 2013) . In this picture, b19 would be a "survivor" of the dominant population at high redshift, having somehow avoided the typical evolutionary path of relatively quiescent size increase, and thus represents an earlier stage of galaxy formation. This interpretation is also supported by b19's stellar age, α-abundance, and the absence of dust.
At the same time, b19 appears to follow the local correlations between σ⋆ and stellar population properties, (Z, [α/Fe] , and Υ⋆(Γ) in particular). Supposing they were already in place before the onset of significant minor and dry merging, these correlations should have become shallower and weaker since. However, if indeed ETGs are assembled inside-out, the present-day correlation of Υ⋆ with σ⋆ may be partially preserved in the galaxy centres and still reflect the connection between SF physics and global conditions (halo concentration, gas density) that early-on led to a bottomheavy IMF as found in b19.
It is therefore worthwhile to study the IMF in more objects with properties similar to b19. Together with measuring potential IMF gradients, this investigation could help illuminating the physics of SF, as well as galaxy evolution at large. To better estimate Υ⋆ (Γ) and M•, dynamical or lensing models should be included in the analysis and constrained by high-resolution IFU spectroscopy (e.g. VLT SINFONI): for example in NGC1277, Υ⋆ ,V = (6 ± 4)M⋆/L⊙ ,V (3σ-level) is relatively uncertain (and a bottomheavy IMF cannot be ruled out), while M• is dynamically well constrained at ∼ 10 9.5...10.5 M⊙ and only weakly correlated with Υ⋆ (see figure S1 in van den Bosch et al. 2012; Emsellem 2013) . In case of b19, improved data could determine if a ∼ 10 10 M⊙ BH is present, which is an important advantage considering that central BHs are also thought to play a crucial role in galaxy formation.
